N labeled ammonium chloride (1 g per liter), the cultures were grown overnight in a shaking incubator. Next morning, the cell suspension was diluted with 900 ml of the same medium and grown to an OD of 0.7 (FUS) and 0.8 (Lef-1) and protein synthesis was induced by addition of 1 ml of a 0.5 M IPTG (isopropyl-1-thio-D-galactopyranoside) stock solution to a final concentration of 0.5 mM. The culture was incubated overnight at 19°C (FUS) and 20°C (Lef-1) and harvested the next day. The cell pellets were re-suspended in 30 ml FUS urea purification buffer (8 M urea, 20 mM Tris, pH 8.0 and 20 mM imidazole) or Lef-1 urea purification buffer (6 M urea, 50 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, 2 mM BME), sonicated, centrifuged at 25000 g for 20 min and applied to a Ni-NTA agarose (Qiagen) gravity column following the manufacturer's instruction. After washing of the column with 50 ml urea buffer, the buffer for FUS was exchanged to HEPES buffer (110 mM potassium acetate, 20 mM HEPES, pH 8.0, 2 mM β-mercaptoethanol (BME), 5% (v/v) glycerol and 20 mM imidazole). After urea buffer treatment of Lef-1, the protein was further washed with high salt buffer (20 ml of 50 mM Tris, pH 8.0, 1 M NaCl, 10 mM imidazole, 2 mM BME) and equilibrated with 20 ml Tris buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, 2 mM BME). The proteins were then eluted with the elution buffer ((50 mM Tris, pH 8.0, 300 mM NaCl, 200 mM imidazole, 2 mM BME) including 200 mM imidazole. FUS was concentrated to 5 ml in an Amicon Ultra-15 (Millipore, 3 kDa molecular weight cut-off) centrifugal filter unit to be applied to size exclusion chromatography. After loading on a HiLoad 16/600 Superdex 75 pg (GE Healthcare Life Sciences, 50 mM sodium phosphate, 500 mM NaCl, 2 mM BME, pH 6.0) the FUS-containing fractions were pooled and dialyzed over night at 4°C against HEPES buffer using a 2 kDa MWCO ZelluTrans V series membrane (Carl Roth) after addition of 200 µl of a 0.1 mg/ml His-tagged TEV protease solution. The next day, the solution was applied to a Ni-NTA agarose column to remove the cleaved tag, the TEV protease and uncleaved protein. The flow-through fraction was collected and split into two fractions. One fraction was buffer exchanged into NMR buffer (20 mM sodium phosphate buffer, 50 mM NaCl, 1 mM EDTA, pH 6.8, 1 mM DTT) to serve as the reference sample by using a HiPrep (26/10) desalting column (GE Healthcare Life Sciences). The other fraction was labeled with the ytterbium-M8 or lutetium-M8 tag [1] by first incubating with 1 mM TCEP for 30 minutes followed by buffer exchange into 10 mM sodium phosphate (pH 5.0) using the desalting column. Lef-1 was incubated with 200 µl of a 0.1 mg/ml 6xHis-tagged TEV protease solution after elution from the Ni-NTA resin and dialyzed over night at 4°C using a 2 kDa MWCO ZelluTrans V series membrane (Carl Roth) against Tris buffer. The next day, a heat-shock in boiling water was performed for 15 minutes and the protein solution was concentrated to 350 μM and frozen at -80°C for further usage. For the M8-attachment, the protein was thawed and applied to size exclusion chromatography like FUS, the running buffer was Tris buffer with 150 mM NaCl and incubated with 2 mM TCEP for 30 minutes. For the labeling reactions, the protein solutions were concentrated to 200 µM and combined with the three-fold molar excess of the tag. The reaction was finished after 15 minutes as monitored by NMR spectroscopy for FUS. The reaction solution was then buffer-exchanged into NMR buffer to remove the excess tag by a desalting step into NMR buffer lacking DTT for NMR data spectra acquisition. The NMR buffer for Lef-1 was 20 mM sodium phosphate, pH 6.5, 50 mM NaCl. The purification of the interaction partner transportin-1 was performed as described previously [2] .
NMR data acquisition and analysis
The protein solutions (reference and ytterbium-M8 or lutetium-M8 spin labeled, 200 µM concentration) included 5 vol-% 2 H2O and were measured at 298 K. All NMR experiments were performed on an AV900 MHz Bruker NMR spectrometer equipped with a cryogenic triple resonance probe with gradients in the z-direction, except the lutetium tag labeled sample, which was measured on an AV III 950 with the same hardware as the AV900. The sweep widths for N-HSQC spectrum, the following three-dimensional spectra were acquired for assignment of the FUS reference sample: HNCO, HN(CA)CO, HNCACB, CBCA(CO)NH, (H)CC(CO)NH-TOCSY (two experiments, with 11 and 22 ms mixing time, respectively), HN(CA)NNH and H(NCA)NNH [3] . For the M8 spin labeled protein, HNCO, HN(CA)CO, HNCACB and CBCA(CO)NH spectra were acquired. Lef-1 constructs (reference, Yb-M8 and Lu-M8 labeled) were assigned by an HNCACB and two HNCANNH spectra with evolution in the third dimension in [4] including a saturation block for the proton resonances in the beginning of the sequence followed by a recovery delay (0.01; 4; 0.02; 2.0; 0.038; 1.05; 0.07; 0.054; 0.14; 0.54 and 0.27 s) and WATERGATE type solvent suppression at the end of the sequence. Eleven two-dimensional data sets with different recovery delays were acquired in an interleaved manner where after each 4 accumulating scans the next delay was measured followed by TPPI receiver phase incrementation for quadrature detection in the indirect dimension. One recovery delay was measured twice for error estimation during the data fitting and a total of 128 complex data points was acquired. For measurement of the amide proton transverse relaxation time, a modified 1 H, 15 N HSQC experiment was used as described [5] where after proton excitation a delay t was applied during which relaxation took place. During t, selective amide proton decoupling was applied by a selective 180° pulse (RE-BURP, 2.32 kHz band-width, 8.5 ppm center) in the middle of the delay flanked by 15 N decoupling (10; 100; 11; 67; 12; 46; 12; 46; 14; 32 and 18 ms delays). Water suppression was carried out by a WATERGATE scheme. After accumulation of 8 scans, the receiver phase was incremented for TPPI-type quadrature detection followed by incrementation of the delay t. A total of 120 complex data points were acquired in the indirect dimension and two delays were measured twice for error estimation. For the 15 N relaxation data, pulse sequences also included a WATERGATE scheme or water suppression. The longitudinal relaxation rate was measured by using delay times of 2764.8, 10.8, 172.8, 1382.4, 86.4, 1015.2, 172.8, 691.2, 345.6 and 259.2 ms for nitrogen magnetization decay and a 2 s inter-scan delay. The transverse relaxation rate data was measured using a 2 kHz spin lock pulse during the nitrogen relaxation period (length of delays for all samples was 5, 300, 50, 192, 12, 123, 12, 78, 32 and 400 ms) and a 2 s inter-scan delay. Offset correction for conversion of the T1ρ data and measurement of the heteronuclear NOE (interscan delay of 2 s) was performed as described elsewhere. [6] . All data were processed using NMRPipe [7] , peak assignment and spectral visualization was performed using CCPNMR [8] . For analysis of the relaxation rates, peak intensities were first obtained using nmrglue [9] by averaging over all data points around the peak maxima in a 0.1/0.01 ppm ( 15 N/ 1 H) box of well-separated peaks. Using the SciPy python package, fitting and error estimation were carried out using a lab-written software. For analysis of longitudinal relaxation data, intensities were fitted to equation 1,
where is the intensity of the data point, 0 is the maximum intensity, is the recovery delay, is the plateau of the fitting curve and 1 is the longitudinal relaxation rate. The same procedure was applied for analysis of transverse relaxation rates and the obtained data was fitted to equation 2,
where , 0 and are the same variables as in eq. 1, is the baseline offset and 2 is the transverse relaxation time.
To estimate the experimental error of the relaxation experiments, the differences in intensity in the duplicated spectra were calculated for all peaks. The differences were then shifted to obtain a distribution centered on zero and the experimental error was obtained by calculating the standard deviation using equation 3,
where is the number of peaks and is the shifted difference of the duplicates of the -th peak.
The errors of the fitted parameters were estimated using a Monte Carlo-like resampling approach with an ensemble size of 1000. To generate the ensemble, the peak intensities were randomly altered according to a normal distribution with a standard deviation of . Furthermore, a bootstrapping strategy was applied simultaneously by building new data sets, each having 27 data points that were randomly drawn from the data points. This ensemble was re-fitted using equation 1 or 2 in the case of longitudinal or transverse relaxation rate, respectively. The final fitting error of every parameter is obtained from the standard deviation over the 1000 fitting results H-R1s of the Yb-M8 samples are generally higher than the WT reference. The ninth coordination site of the tag can directly bind water and modifies its R1 rate, which contributes to the protein magnetization build-up through chemical exchange. [10] This arises probably from a PRE effect of the Yb-M8 tag through chemical exchange of (relaxed) water protons with amide protons [10] . Indeed we noticed a slight sigmoidal shape in the 1 H-R1 exponential recovery curves. Nevertheless, the data has been fit with a mono-exponential function to give an approximate value of the rates. Nitrogen . The data has been measured using the same parameters and magnetic fields as described above.
